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Introduction
Amyloid fibrils are physically stable self-assemblies of proteins with a characteristic cross-structure in which the -strands are arranged perpendicular to the long fibril axis. [1] [2] [3] [4] The fibrils are around 10 nm in diameter and several m in length (Fig. 1) . 5) Amyloid fibrillation (i.e., formation of amyloid fibrils) is thought to be a result of protein misfolding because their deposition is associated with the pathology of more than twenty serious disorders such as Alzheimer's disease, Parkinson's disease, type II diabetes, and dialysis-related amyloidosis. 6, 7) On the other hand, amyloid-like structures are also utilized for beneficial purposes in nature, and are known as functional amyloids. [8] [9] [10] Because many structurally unrelated proteins can form amyloid fibrils, amyloid misfolding is considered a general property of polypeptide chains. 4) Thus, understanding amyloid fibrillation is one of the most important goals in protein sciences, having a tremendous impact on related fields including medical and pharmaceutical sciences, biology, and biotechnology.
Among various amyloidogenic proteins, human 2 -microglobulin (2-m) has been studied extensively because of its clinical importance and suitable size for examining the relation between protein folding and amyloid fibrillation. [11] [12] [13] [14] [15] [16] [17] [18] [19] Studies on 2-m illustrate a basic mechanism of amyloid fibrillation. Dialysis-related amyloidosis is a common and serious complication in patients receiving hemodialysis for more than 10 years. 15, 20) 2-m, a typical immunoglobulin domain made of 99 residues, is present as the non-polymorphic light chain of the class I major histocompatibility complex (MHC-I). 21) As part of its normal catabolic cycle, 2-m dissociates from the MHC-I complex and is transported in serum to the kidneys where the majority of it is degraded. Renal failure disrupts the clearance of 2-m from the serum and moreover the 2-m does not pass through the dialysis membrane, resulting in an increase in the 2-m concentration by up to 50-fold in the blood circulation. 15, 22) 2-m then self-associates to form amyloid fibrils under physiological conditions. Although the details are still unclear, it is evident that an increase in the concentration of 2-m in the blood is one of the most important risk factors for the disease. Most amyloidoses are familial as well as sporadic diseases and mutant proteins with decreased stability prone to form amyloid fibrils have been identified. 2, 4, 7) In contrast, dialysis-related amyloidosis develops only in patients receiving hemodialysis therapy. Recently, a mutant 2-m has been found in patients who develop a different type of amyloidosis, giving a novel insight into the pathology of amyloidosis caused by 2-m.
23)
In patients receiving hemodialysis, 2-m fibrils deposit under physiological pH conditions. On the other hand, the incubation of 2-m in vitro under acidic conditions results in a relatively rapid fibrillation at high yields, 11, 24) indicating that the native conformation prevents the formation of fibrils. Recently, the mechanism of amyloid fibrillation under physiological pH conditions has been focused on. 18, [25] [26] [27] [28] Amyloid fibrillation consists of nucleation and growth. 16, 24, 29, 30) The nucleation process, in which a number of monomers associate to form a minimal fibril unit, does not readily occur. Once the nucleus is formed, however, subsequent growth of fibrils proceeds rapidly via the incorporation of the monomers into seed fibrils. These characteristics are similar to those of the crystal growth of solute substances, where agitation of the solution often accelerates the nucleation process. Indeed, shaking and stirring of solutions have been used widely to promote the spontaneous formation of fibrils. 31 ) While 2-m cannot form amyloid fibrils at pH 2.5 without seeding even after incubation for several days, agitation induced fibrils to form in the absence of seeds. Ultrasonication has been routinely used for preparing seeds from preformed fibrils, where long fibrils are fragmented to produce short fibrils. 24) Because the ends of fibrils act as the templates of subsequent growth, ultrasonic treatment is effective to maximize the seeding potential of preformed fibrils. The same effects have been applied to the amplification of infectious prion proteins. 32, 33) Considering the strong mechanical impacts of ultrasonication on the preformed fibrils, ultrasonic irradiation is another type of agitation for accelerating the nucleation process. Indeed, an increasing number of recent studies to be reviewed in this article (Table I) argue that ultrasonication is one of the most powerful methods for accelerating spontaneous amyloid fibrillation and thus for obtaining insights into the mechanism of fibrillation.
Ultrasonication-Induced Fibrillation

Amyloid fibrillation at low pH
The first paper suggesting the usefulness of ultrasonication for amyloid nucleation was by Stathopulos et al. 34) They showed that, for various proteins (i.e., bovine serum albumin, horse heart myoglobin, hen egg white lysozyme, Tm0979, recombinant hisactophilin, and human cytosolic Cu/Zn superoxide dismutase), ultrasonication results in the formation of amyloid-like aggregates. They suggested that protein unfolding and aggregation are caused by the ultrasonication at the water-air interface of cavitation bubbles, leading to the amyloid nucleation.
Ohhashi et al. 35) studied in detail the effects of ultrasonication on monomeric 2-m. First, the same conditions as used for the standard seed-dependent fibrillation experiments (i.e., 0.3 mg/mL 2-m monomer at pH 2.5 containing 0.1 mol/L NaCl) were used to examine the effects of ultrasonication. After the reaction mixture was prepared in an Eppendorf tube, ultrasonic treatment was started with the tube placed in a water bath-type ultrasonicator (Elekon ELESTEIN 070-GOT) at 37 C. The effects of ultrasonication were monitored by fluorometric analysis with thioflavin T (ThT), a specific dye for amyloid fibrils. 24, 30, 36) Repeated ultrasonication induced a sudden and remarkable increase of ThT fluorescence after a lag-time of about 120 min [ Fig. 2(a) ]. The kinetics measured based on light scattering and ThT fluorescence agreed with each other.
The formation of fibrils was confirmed by atomic force microscopy (AFM) [ Fig. 2(b) ]. AFM images showed no aggregates or oligomers until the late stage of the lag-phase. Just before the abrupt increase of ThT fluorescence and light scattering (120 min), long and thin fibrils with a diameter of 3 nm were occasionally found. After the explosive phase, large amounts of relatively long fibrils 100-200 nm in length were found (180 min). Then, the fibrils were fragmented to 10-40 nm by the continued ultrasonication (240 min). The lag-time depended on the protein concentration: the higher the concentration, the shorter the lag-time.
The seed-dependent extension of fibrils 24) was examined at pH 2.5 without sonication using the sonication-induced short fibrils as seeds. 35) The ThT fluorescence increased dramatically without a lag-phase. AFM images revealed the formation of long and straight fibrils with a diameter of 3 nm. The results demonstrated that the short fibrils formed by sonication act as seeds for subsequent growth, a phenomenon characteristic of amyloid fibrils.
Amyloid fibrillation at neutral pH
Yamamoto et al. 25) and Kihara et al. 37) showed that the extensive fibril formation of 2-m under physiological conditions can be reproduced in the presence of 0.5 mmol/L sodium dodecyl sulfate (SDS). It has been considered that low concentrations of SDS slightly destabilize the native structure of 2-m, leading to the formation of oligomers with increased amyloidogenicity. 37) However, even in the presence of 0.5 mmol/L SDS, the fibril formation took several days at pH 7.0. Here, Ohhashi et al. 35) examined the effects of ultrasonication at pH 7.0 in the presence of 0.5 mmol/L SDS.
At pH 7.0 with ultrasonic pulses, the ThT fluorescence increased after a lag-time of about 30 h. The time course of fibril formation monitored by light scattering agreed with that of the ThT fluorescence. AFM images revealed the formation of fibrils. When seeding experiments were performed with the sonication-induced fibrils in the presence of 0.5 mmol/L SDS at pH 7.0 without sonication, ThT fluorescence increased rapidly without a lag-time, reaching a point of saturation within several hours. AFM images confirmed the formation of long fibrils. All these results indicated that ultrasonication is also useful for the formation of fibrils even at pH 7.0.
35)
3. Ultrasonication-Induced Formation of the Minimum Sized Fibrils 3.1 Opposing effects of the ultrasonication-dependent breakage and induction Repetitive ultrasonication pulses of 1 min with a quiescent incubation period of 9 min resulted in the formation of relatively long fibrils, followed by the breakdown into short fibrils [ Fig. 2 (b), overshoot phenomenon].
35) The overshoot phenomenon occurs because the longer fibrils elongated during the quiescent period are unstable under ultrasonic pulses [ Fig. 3(a) ]. The overshoot suggested that by reducing the period of quiescent incubation, one can obtain fibrils of minimal size by escaping the overshoot. In other words, opposing effects of ultrasonication on induction of fibrillation and breakdown of preformed fibrils lead to the formation of monodispersed fibrils of minimal size [ Fig. 3(a) ]. To confirm this, Chatani et al. 38) examined ultrasonication-induced fibrillation by applying repetitive pulses of a fixed period of 1 min with various quiescent incubation periods from 6 s to 9 min.
In all pulse cycles used, an abrupt increase in ThT fluorescence was observed after a lag time. 38) As expected, the overshoot became less pronounced as the pulse interval became shorter, and with a 6-s quiescent period, the size of amyloid fibrils monitored by sedimentation velocity with analytical ultracentrifugation reached equilibrium almost directly. The fibril size obtained with ultrasonic pluses of 1 min and quiescent periods of 6 s was the smallest revealing C. The figures were reproduced from Chatani et al. 38) a sedimentation coefficient value of 17 S, where the unit S is a Svedberg unit, defined as 10 À13 s. To gain more information about the shape and molecular weight of monodispersed amyloid fibrils, AFM, electron microscopy (EM), and a sedimentation equilibrium analysis were performed with the fibrils formed at 2-min intervals
38) AFM images indicated uniform fibril lengths, which were further confirmed with EM images. No serious change in conformation or chemical properties was detected by far-UV circular dichroism, high performance liquid chromatography, and mass spectroscopic analysis. The small size of the ultrasonicated fibrils allowed the sedimentation equilibrium method to be applied. Assuming a single size component and no interfibrillar interactions, a molecular weight value of ð1:66 AE 0:02Þ Â 10 6 (i.e., 140 mers) was obtained.
Analysis with minimum-sized fibrils
The use of short and homogeneous amyloid fibrils generated by ultrasonication is expected to bring about clarification of a wide spectrum of physicochemical properties of amyloid fibrils, when combined with various conventional techniques. In particular, a faster rotational motion with the decrease in size of ultrasonicated short fibrils, which has brought about properties closer to those of a soluble and homogeneous protein solution, might extend to direct applications in solution NMR studies.
Yoshimura et al. 39) recorded solution NMR spectra of fragmented 2-m fibrils and unfragmented 2-m fibrils. The NMR spectrum of the unfragmented fibrils showed few signals because of the large molecular size. On the other hand, the fragmented fibrils showed several signals (Fig. 4) , which were derived from the flexible N-terminal region of 2-m molecules. Although the highly packed core regions of the fragmented fibrils did not show solution NMR signals probably because the fragmentation was not extensive enough for those signals to be detected, flexible regions could yield NMR signals by reducing the size of the fibrils. The application of various NMR approaches to the fragmented fibrils might enable the detection of signals from core regions.
Ultrasonicated short and homogeneous fibrils were also used for systematic investigations on the volumetric nature of various amyloidogenic conformations of 2-m. 40) Measurements with a high precision densitometer suggested that the mature amyloid fibrils are more voluminous than the native structure because of a sparse packing density of side chains, consistent with a model of the main-chain-dominated amyloid fibrils versus the side-chain-dominated native structures. 16, 41, 42) 4. Developing a High-Throughput Assay System 4.1 Combined use of ultrasonication and a microplate reader It is likely that a large proportion of proteins have the potential to cause amyloidosis. 4, 6, 43) Dialysis-related amyloidosis is a good example showing how a functional protein can become toxic under conditions where its concentration increases abnormally. 15, 18) Potential amyloidogenicity argues the necessity for a genome-wide search for the amyloidogenicity of proteins. Indeed, several methods have been proposed to predict the amyloidogenic or aggregative propensities of proteins and peptides including TANGO, 44) Zyggregator, 45) PASTA, 46) and three-dimensional (3D) profiling. 47) A recent approach to predicting the amyloidogenicity of proteins with 3D profiling has coined the term ''amylome'', proposing that practically all human proteins contain an amyloidogenic sequence. 43) On the other hand, the search for amyloidogenicity in experiments has been limited. Major limiting factors are the high free energy barrier to nucleation causing a long lag phase and low reproducibility of spontaneous formation of fibrils. A high-throughput assay system for screening acceleratory and inhibitory factors is also important for developing therapeutic strategies. Giehm and Otzen 31) proposed a high-throughput screening assay of amyloid fibrillation with a microplate reader, in which the orbital shaking of each well with glass beads was employed to increase reproducibility. Recently, So et al. 48) combined the use of ultrasonication and a microplate reader, proposing a unique method taking advantage of the marked effects of ultrasonication.
The ultrasonicator used by So et al. 48) was the same water-bath type model as used by Ohhashi et al. 35) with incident beams of ultrasonication (near 19 kHz) from three directions focused near the surface of the water bath [ Fig. 5(a) ]. They used a microplate with 96 wells, which was set at the center of the water bath. In a standard experiment, the wells were filled with the sample solutions of 2-m (0.2 mL each at 0.3 mg/mL at pH 2.5) containing 0.1 mol/L NaCl and 5 mol/L ThT. The plate was subjected to ultrasonic irradiation. After the ultrasonication treatment, the plate was set on the microplate reader to assay the ThT fluorescence. The process was repeated during the incubation period.
Using the same conditions as employed previously by Ohhashi et al. 35) with Eppendorf tubes (i.e., cycles of ultrasonication for 1 min followed by 9-min quiescence at pH 2.5 and 37 C), many wells exhibited an increase in ThT fluorescence after a lag period [Figs. 5(b) and 5(c)]. The increase was much faster than that on agitating the microplate by shaking. No increase in fluorescence occurred for 2 d under quiescent conditions. The AFM image showed many short fibrils [ Fig. 5(d)] . The results obtained with a microplate were consistent with those obtained with an Eppendorf tube. 35, 38) However, as anticipated from the relatively wide microplate used (i.e., 6 Â 10 cm 2 with 9 Â 12 wells), the lag-time for fibrillation (t lag ) varied significantly depending on the location in the microplate, and the final fluorescence intensity also varied, indicating that the formation of fibrils is predominantly determined by the ultrasonication power.
Measurements of ultrasonic power
To understand the variation of fibrillation depending on the location, So et al. 48) monitored the ultrasonic amplitude (or pressure) of each well using a lead zirconate titanate (PZT) detector. The waveforms were digitized by a digital oscilloscope, and their amplitudes were determined by fitting the digitized data with sinusoidal functions. The amplitude varied depending on the position of the well [ Fig. 6(a) ], and the variation was similar to that for t lag , suggesting that the formation of fibrils depends critically on the ultrasonic amplitude. The t lag values were plotted against ultrasonic amplitude, obtaining a linear correlation with a correlation coefficient value of 0.5 [ Fig. 6(b) ]. Although scattering of the data is significant, a linear correlation between t lag and ultrasonic amplitude confirms that the formation of fibrils is predominantly determined by ultrasonic amplitude. The apparent scattering is likely to be caused by both the difficulty in accurately measuring the ultrasonic amplitude and the intrinsic fluctuation of t lag even under the same ultrasonic amplitude.
There are several additional methods to quantitatively determine ultrasonic power. 49) Calorimetry is often used to specify the ultrasonic power dissipated into a solution, where the initial rate of temperature increase is measured upon irradiation of the solution with ultrasonic pulses. With the calorimetric method, ultrasonic power (Q) is calculated using the equation: Q ¼ ðdT =dtÞc p M, where c p is the heat capacity of water (4.2 J g À1 K À1 ), and M is the mass of water (g). (dT =dt) is the increase in temperature per second. Yamaguchi et al. 50) investigated the position-dependence of the ultrasonic power of a water bath-type ultrasonic transmitter (Elekon ELESTEIN 070-GOT) using the calorimetric method, showing that the ultrasonic power ranged from 0.3 to 2.7 W.
Chemical dosimetries have also been proposed for the calibration of ultrasonic power. 49) Chemical dosimetry gives sonochemical efficiency in a whole reaction solution, based on oxidation or reduction reactions occurring in an aqueous solution. A conventional system is the generation of the triiodide (I 3 À ) ion from an aqueous potassium iodide (KI) solution by ultrasonic irradiation, known as KI oxidation. When ultrasound is irradiated into the KI solution, I
À ions are oxidized to give diatomic molecules (I 2 ). When excess I À ions are present in solutions, I 2 reacts with the excess I À ions to form I 3 À ions. The amount of I 3 À ions produced after an adequate duration of sonication, which can be estimated by measuring the absorbance of I 3 À at 355 nm, is regarded as a relative measure of ultrasonic power. Yamaguchi et al. 50) investigated the position-dependence of the amount of I 3 À ions produced by a water bath-type ultrasonic transmitter (Elekon ELESTEIN 070-GOT), and revealed that the ultrasonic strength determined by KI oxidation was in agreement with that determined by calorimetry. Therefore, KI oxidation would also be useful for evaluating dependence on the position of the fibril formation.
Minimizing the well-dependent variation
The well-dependent variation in ultrasonic amplitude should be minimized for comparing the amyloidogenicity of various samples as expected for high-throughput screening assays. The variation in the acoustic amplitude of ultrasonication depending on the location of wells may be minimized by modulating the incident beams of ultrasonication so as to apply power evenly to all the wells. One simple approach is the rotation of the microplate as shown by So et al. 48) So et al. 48) rotated the microplate horizontally at the center of the plate with a special holder. Rotation of the microplate led to a significant improvement in synchronized fibril formation as well as a slight shortening of t lag . The average t lag values of 96 wells with and without rotation were 69:0 min AE 11:0 min and 107:2 min AE 26:4 min, respectively (Fig. 7) . Although the synchronization of t lag was not perfect, the results suggest a promising approach to achieving a uniform distribution of ultrasonic energy. Various types of horizontal movement might be useful to establishing a uniform distribution of ultrasonic amplitude. This approach will be useful for comparing the amyloidogenicity of samples from many patients or various proteins.
Distinguishing Crystalline Fibrils and Glassy Amorphous Aggregates
Yoshimura et al. 51) monitored the effects of ultrasonication on fibrillation of 2-m in real time. The sample solution in a cuvette was irradiated with ultrasonication pulses by tightly attaching an ultrasonic generator to the sidewall of the cuvette as shown in Fig. 8 . The protein solution was stirred with a stirring magnet at 600 rpm and subjected to cycles of ultrasonication for 1 min at 2-min intervals. The frequency of the ultrasonic waves was 27.5 kHz. The ultrasonic power was 0.14 W, estimated using a calorimetric method. 49, 50) This system was used to monitor the NaCl concentrationdependent formation of amyloid fibrils and amorphous aggregates of 2-m at pH 2.5.
The time course of amyloid formation of 2-m at pH 2.5 was monitored by measuring ThT fluorescence at 480 nm and light scattering at 350 nm.
51) 2-m was dissolved in an HCl solution containing 0.1 mol/L NaCl at a protein concentration of 0.1 mg/mL and incubated at 25 C. Although 2-m was not converted into amyloid fibrils spontaneously in the absence of agitation at least within several hours, amyloid fibrils formed after a lag phase upon agitation with stirring and ultrasonic irradiation [ Fig. 9(a) ]. Ultrasonication accelerated the amyloid formation more efficiently than stirring with a lag time of 0.5 h, versus 1.5 h for stirring. The lag phase disappeared when the seed fibrils produced under ultrasonic pulses were added to the newly prepared monomers by 3% (w/w). On the other hand, amorphous aggregation of 2-m at 1.0 M NaCl occurred without a lag phase. Measurements at various concentrations of NaCl showed that the saturating kinetics of amorphous aggregation was independent of agitation or seeding [ Fig. 9(b) ].
The results indicate that, although the solubility of 2-m at 0.1 mol/L NaCl is less than 0.1 mg/mL, the supersaturated solution is stable in the absence of agitation because of the high free energy barrier of nucleation. Agitation of the solution decreases the energy barrier of nucleation, and amyloid formation occurs via a nucleation-dependent manner, analogous to crystallization. In contrast, amorphous aggregation occurs without a high free energy barrier. Thus, by monitoring the effects of ultrasonication, one can distinguish amyloid fibrils and amorphous aggregates. On the basis of the results, a phase diagram was constructed, representing amyloid formation and amorphous aggregation of 2-m [ Fig. 10(a) ]. The phase diagram consists of (1) a soluble region where the solution is undersaturated with monomers and thermodynamically stable, (2) a metastable region where the supersaturated solution is apparently kept stable due to the high free energy barrier of nucleation, (3) a labile region where spontaneous nucleation occurs, and (4) a glassy region where amorphous aggregates form. The phase diagram suggests that distinct formation of amyloid fibrils and amorphous aggregates is determined by thermodynamic solubility and kinetic supersaturation, and that the boundary between the metastable (2) and labile (3) regions, called the metastability curve, is shifted downward upon ultrasonication [ Fig. 10(a) ]. 51) Yoshimura et al. 51) also proposed a general phase diagram for various conformational states of peptides and proteins determined by conformational uniqueness [ Fig. 10(b) ]. Native proteins with a unique conformation can form crystals independent of their size. If the conformation is highly flexible and various intermolecular interactions are possible, a glass-like amorphous aggregates may form. Relatively short peptides and proteins in unfolded states can form amyloid fibrils above their solubility limit.
Mechanism of Ultrasonication-Triggered Fibrillation and Future Prospects
Ultrasonication, originally used to prepare seed fibrils, has become an important approach to inducing amyloid fibrillation in apparently monomeric protein solutions (Table I) . Stathopulos et al. 34) showed that ultrasonication results in the formation of amyloid-like aggregates. Subsequently, amyloid fibrillation of various proteins such as -synuclein, 52) 2-m, 53) transthyretin, 54) and mouse prion proteins 50) was reported to be accelerated by ultrasonic irradiation. Under certain conditions, aggregation of amyloid peptide is also promoted by ultrasonication. 55) Then, what are the mechanisms of the ultrasonicationdependent induction of amyloid fibrils (Fig. 11) ? Generally, the irradiation of an aqueous solution with ultrasonic waves produces cavitation microbubbles, which repeatedly grow and collapse in synchrony with the driving acoustic pressure (or ultrasonic amplitude). 56) When the microbubbles collapse, the temperature inside drastically increases because of isothermal compression effects, providing hot spots and free radial species. 57, 58) These decompose organic compounds in the solution, that is, a sonochemical reaction. [59] [60] [61] There are two types of sonochemical reactions. The first is the pyrolysis occurring near hot spots. The other is the decomposition by radical species, mainly OH and H radicals formed by the dissociation of water. These sonochemical reactions occur most effectively in focused regions with a high-amplitude acoustic resonant mode where the ultrasonic amplitude is much higher than the standard amplitude. 56) However, because 2-m is intact even after extensive ultrasonication, 35, 38) sonochemical reactions do not seem to be the main mechanisms responsible for the breakdown and formation of the fibrils. On the other hand, the repeated growth and collapse of cavitation bubbles and concomitant large shearing forces [62] [63] [64] seem to be directly linked to triggering of the amyloid nucleation in supersaturated monomeric solutions. One possible mechanism of ultrasonication-dependent nucleation is the formation of glassy (i.e., amorphous) aggregates at the hydrophobic liquid-gas interface of cavitation bubbles. Development of the nucleuscompetent conformation in the glassy aggregates triggers the growth of crystal-like amyloid fibrils in the supersaturated metastable region. Large shearing forces, breaking the growing fibrils and thus increasing the number of nuclei (i.e., secondary nucleation), further accelerate spontaneous fibrillation. Moreover, ultrasonication is likely to induce denaturation of the native proteins at the hydrophobic liquidgas interface, leading to the acceleration of their fibrillation as shown by 2-m at neutral pH. Clarifying the physical nature of these effects is the next challenge for advancing the general mechanism of amyloid fibrillation in supersaturated solutions.
